Angiogenesis is a multi-step process that involves the activation, proliferation, and migration of endothelial cells. We have recently shown that TGF-β1 can induce mouse macrophages to produce VEGF, a potent angiogenic factor. In the present study, we explored whether TGF-β1 has a similar effect on mouse dendritic cells. 
Introduction
Angiogenesis, the growth of new blood vessels, is a multi-step process characterized by endothelial cell migration, proliferation, survival, proteolytic activity, and tube formation. Among professional APCs, macrophages secrete various angiogenic factors such as VEGF and Bv8, in addition to producing matrix metallopeptidase-9, which increases the bioavailability of VEGF and potentially other proangiogenic molecules (Shojaei et al., 2008) . The role of VEGF in angiogenesis is well documented. VEGF expression is regulated by pathological conditions such as hypoxia and hypoglycemia (Shweiki et al., 1992; Stein et al., 1995; Song et al., 2009) , as well as by cytokines and growth factors such as PDGF, TNF-α, IL-1, IL-6 (Ryuto et al., 1996; Finkenzeller et al., 1997; Salven et al., 2002; Wei et al., 2003) . Similarly, it has been shown that dendritic cells (DCs) under the influence of anti-inflammatory molecules such as calcitriol, PGE2, or IL-10 selectively secrete VEGF isoforms VEGF 165 and VEGF 121 (Riboldi et al., 2005) . Thus, DCs are increasingly being recognized as important regulators of angiogenesis and lymphangiogenesis (Riboldi et al., 2005; Webster et al., 2006) .
We have previously demonstrated that TGF-β1 activate mouse macrophages and induce the expression of angiogenic mediators, including VEGF and Flk-1 (Jeon et al., 2007) . However, it is not known whether TGF-β can induce mouse DCs to produce VEGF and, if so, what mechanisms are involved. The present study demonstrates that TGF-β1-activated DCs produce VEGF, and that Smad3/4 mediates this response. TGF-β1/Smad3/4 also increased the expression of VEGF receptor 1 (Flt-1). These results indicate that TGF-β1-activated mouse DCs contribute to angiogenesis via the production of angiogenic factors, including VEGF and Flt-1, and that the typical Smad pathway is involved in this response.
Results and Discussion

Effect of TGF-β1 on the expression of VEGF in mouse dendritic cells
We have previously shown that treatment with TGF-β1 increases VEGF expression by mouse macrophages under hypoxic conditions (Jeon et al., 2007) . Although DCs are also known to produce VEGF and contribute to angiogenesis in humans and mouse models (Riboldi et al., 2005; Webster et al., 2006) , it is not known whether TGF-β1 can induce mouse DCs to express VEGF. In the present study, we first measured the levels of VEGF mRNA expression in freshly isolated bone marrow-derived DCs in the presence of TGF-β1 and CoCl 2 (a chemical inducer of HIF-1). As shown in Figure 1A , treatment of bone marrow-derived DCs with CoCl 2 increased the expression of VEGF mRNA by 2.8-fold. This expression was increased further by the addition of TGF-β1. Treatment with SB431542, an inhibitor of TGF-β receptor type I, abolished the induction of VEGF mRNA by CoCl2 and TGF-β1. As Smad3 and Smad4 are well known signal transducers and transcription factors in the TGF-β signaling pathway, we explored involvement of these molecules in the induction of VEGF mRNA expression by DC2.4 cells (a mouse DC cell line). Overexpression of Smad3/4 markedly increased TGF-β1-induced VEGF expression, while overexpression of DN-Smad3 reduced the expression of VEGF ( Figure 1B) . Similarly, treatment with TGF-β1 substantially increased the promoter activity of the VEGF gene under hypoxic conditions, and this was augmented by overexpression of Smad3/4, but expression decreased in response to overexpression of DN-Smad3 ( Figure  1C ). We note that the sole effect of CoCl2 vary in Figures 1A, 1B , and 1C. This discrepancy seemed due to the intrinsic features of cell types (normal DC vs. DC cell line) and assays (endogenous VEGF transcripts vs. exogenous VEGF promoter activity) adopted in this study. In addition, not shown here, TGF-β1 alone did not increase VEGF mRNA expression and VEGF promoter activity. These results indicate that, under hypoxic conditions, treatment with exogenous TGF-β1 causes mouse DCs to increase expression of VEGF, and that this increase is mediated by Smad3/4.
TGF-β1-stimulated DCs secrete biologically active VEGF
We determined that TGF-β1 causes DCs to express VEGF at the transcriptional level. We then sought to show whether TGF-β1 causes DCs to make VEGF at the protein level. Consistent with the pattern of transcription, TGF-β1 caused DCs to increase VEGF secretion under hypoxic conditions. The level of secretion was further augmented by the overexpression of Smad3/4, while the overexpression of DN-Smad3 abolished the VEGF secretion increase induced by TGF-β1 treatment ( Figure 2A ). VEGF has been shown to promote angiogenesis and plays an important role in wound healing (Byrne et al., 2005; Carmeliet, 2005; Bao et al., 2009) . To test the biological activity of the VEGF secreted by the TGF-β1-stimulated DC2.4 cells, we performed an in vitro wound-healing assay using B16-F1 cells. As shown in Figure 2B , conditioned medium 2 (CM2) from the culture of DC2.4 cells transfected with Smad3/4 in the presence of TGF-β1 and CoCl 2 markedly enhanced 5 /well) were transfected with Smad3/4 or DN-Smad3 (1 μg each). Cells were cultured with TGF-β1 (1 ng/ml) and CoCl2 (50 μM). After 2 days of culture, supernatants were collected and VEGF production was measured by ELISA. Data are means of triplicate samples ± SEM. *P ＜ 0.05. (B) Wound-healing assay in which conditioned media 1 (CM1) was prepared from cultured DC2.4 cells transfected with pcDNA3 and CM2 was prepared from DC2.4 cells transfected with Smad3/4 treated with TGF-β1 (1 ng/ml) and CoCl2 (50 μM). Confluent B16-F1 cells were scraped by using P200 tips and cultured with various stimuli as indicated. To neutralize VEGF and TGF-β1, conditioned media (CM2) was pre-incubated with the corresponding neutralizing Abs. Wound healing was determined with a light microscope (×100) after 2 days incubation. 5 /well) were transfected with Smad3/4, Smad7, and Smurf1 (1 μg each). Cells were incubated with CoCl2 (50 μM) and TGF-β1 (1 ng/ml) for 24 h. Total RNA was isolated and levels of endogenous VEGF transcripts were measured by RT-PCR. cell migration, a process indicative of woundhealing activity. The increase in cell migration was comparable to the migration that occurred in response to 10 ng/ml VEGF, and the woundhealing activity by CM2 was virtually abolished by treatment with anti-VEGF Ab. It is well known that TGF-β1 itself also possesses wound-healing activity (Peinado et al., 2003; Wang et al., 2006) . To test the effect of any residual TGF-β1 retained in CM2, we pretreated the CM2 with anti-TGF-β1 Ab, which caused a moderate inhibition of the cell migration induced by CM2. Thus, the inhibitory activity of anti-TGF-β1 Ab was far less than that by anti-VEGF Ab. These results indicate that the VEGF present in CM2 is biologically active and largely responsible for cell migration.
Smad7 and Smurf1 inhibit TGF-β1-induced Smad3/4-activated VEGF transcription
To study the role of VEGF expression induced by the TGF-β signaling pathway in DCs, we examined the roles of Smad7 and Smad ubiquitination regulatory factor 1 (Smurf1) in TGF-β1-induced VEGF transcription. Smad7, a TGF-β-inducible antagonist of TGF-β signaling, inhibits Smad3 phosphorylation by competing with Smad3 for binding to the activated TGF-β type I receptor in the cytoplasm (Hayashi et al., 1997; Nakao et al., 1997) . Smad7 also recruits Smurf1, an E3-ubiquitin ligase, to the activated TGF-β type I receptor, which results in receptor ubiquitination and degradation, and ultimately reduced TGF-β signaling (Ebisawa et al., 2001) . We show that, under hypoxic conditions, TGF-β1-induced, Smad3/4-mediated VEGF transcription was partially inhibited by overexpression of either Smad7 or Smurf1. Furthermore, VEGF transcription was virtually abolished by overexpression of both of these molecules (Figure 3) . These results indicate that the typical Smad pathway is engaged in TGF-β1-induced VEGF expression in murine DCs, and that this process involves the negative regulators Smad7 and Smurf1.
Smad3/4 mediates TGF-β1-induced VEGF receptor 1 expression
VEGF binds to three different VEGF receptors, which belong to the family of receptor tyrosine kinases. These receptors are VEGFR-1 (Flt-1), VEGFR-2 (Flk-1), and VEGFR-3 (Flt-4). Other studies have shown that TGF-β1 induces the upregulation of Flk-1 expression in mouse mammary epithelial cells (Breier et al., 2002) . We have previously shown that TGF-β1 specifically stimulates mouse macrophages to express Flk-1 through Smad3/4-mediated VEGF expression under hypoxic conditions (Jeon et al., 2007) . To expand on these studies, we assessed the effect of TGF-β1 and Smad3/4 on the expression of VEGF receptors in DCs. Unexpectedly, treatment with TGF-β1 and overexpression of Smad3/4 did not affect expression of Flk-1 mRNA (data not shown). However, overexpression of Smad3/4 in conjunction with CoCl2 and TGF-β1 markedly enhanced Flt-1 mRNA expression, whereas overexpression of DN-Smad3 abolished this increase ( Figure 4A ). Similar patterns of surface Flt-1 expression were also observed in response to TGF-β1 treatment and overexpression of Smad3/4 ( Figure 4B ). We note that the present report does not assess the TGF-β1/Smad-mediated Flt-1 expression at the level of the promoter. It remains to be determined whether Smad-binding elements exist within the promoter region of the Flt-1 gene.
In summary, our results reveal that TGF-β1 induces the expression of VEGF and Flt-1 in mouse dendritic cells under hypoxic conditions, as illustrated in Figure 5 . Upon being stimulated by TGF-β1, Smad3 becomes phosphorylated by the activated TGF-β receptors and forms a complex with Smad4. Under hypoxic conditions, this Smad complex translocates into the nucleus, where it binds Smad-binding elements in the VEGF promoter, thereby activating transcription of the VEGF gene and presumably the Flt-1 gene. The subsequently secreted VEGF protein may enhance the expression of VEGF and Flt-1 via binding to Flt-1. The fact that macrophages stimulated with TGF-β1 express VEGF and Flk-1 proteins (Jeon et al., 2007) indicates a TGF-β1-mediated role for macrophages and dendritic cells in angiogenesis and lymphangiogenesis. However, TGF-β1 is pro-duced by a variety of cells including macrophages, T cells, and tumor cells (Roberts and Sporn, 1987) . Thus, particularly in the context of tumor progression, one should assess carefully if the angiogenic property of TGF-β1-activated VEGF is favorable to host or tumors.
Methods
Experimental materials and mice
TGF-β1, VEGF, GM-CSF, and IL-4 were purchased from R&D System (Minneapolis, MN). SB431542, an inhibitor of TGF-β type I receptor, was purchased from Sigma Chemical Co. (St. Louis, MO). BALB/c mice were purchased from Orient. Co., Ltd. (Gyeonggido, Korea) and maintained on an 8:16 h light:dark cycle in an animal environmental control chamber (Myung Jin Inst. Co., Seoul, Korea). Animal care was conducted in accordance with the institutional guidelines of Kangwon National University.
Cell culture
Cells of the mouse dendritic cell line DC2.4 were cultured in DMEM (Sigma) supplemented with 10% fetal bovine serum (HyClone Labs, Logan, UT), 5 mM HEPES, 2 mM L-glutamine, and penicillin (100 U/ml)/streptomycin (100 μg/ml). Cells were cultured at 37 o C in an incubator (Sanyo, Osaka, Japan) with a humidified atmosphere containing 5% CO2. Bone marrow stem cells were isolated from BALB/c mouse femurs and cultured with GM-CSF (10 ng/ml) and IL-4 (10 ng/ml). After 7 days, of the presence of dendritic cells was determined by staining the cells with mouse anti-CD11c mAb (R&D Systems, Inc., Minneapolis, MN), and analyzing their phenotype by FACS. This method of culture resulted in a population that was approximately 70% CD11c positive.
Mouse VEGF ELISA
VEGF produced in DC2.4 cell cultures was detected by ELISA as previously described (Jeon et al., 2007) . Briefly, anti-mouse VEGF antibody (R&D Systems, Minneapolis, MN) was added at 0.4 μg/ml in 0.05 M bicarbonate buffer (pH 9.3) to 96-well, U-bottom, polyvinyl microplates (Becton Dickinson and Co., Oxnard, CA). After incubation overnight at 4 o C, the plates were washed and blocked with 1% gelatin for 1 h. Samples (50 μl) or standard protein (mouse recombinant VEGF, R&D Systems) diluted in 0.5% gelatin were added to the wells. After incubation for 1 h at 37 o C, the plates were washed again, and 50 ng/ml biotinylated anti-mouse VEGF antibody (R&D Systems) was added for 1 h at 37 o C. The plates were then washed and incubated with streptavidin-HRP for 1 h at 37 o C. After washing, 0.2 mM ABTS (Sigma Chemical Co.) was added to the wells, and after 10 min, the colorimetric reaction was measured at 405 nm with an ELISA reader VERSAmax (Molecular Devices, Sunnyvale, CA).
RT-PCR
RNA preparation, reverse transcription, and PCR were performed as previously described (Park et al., 2001) . Primers for PCR were synthesized by Bioneer Corp. (Seoul, Korea). The primers for mouse VEGF were: forward primer, 5'-CAGGCTGCTCTAACGATGAA-3'; reverse primer, 5'-CAGGAATCCCAGAAACAACC-3'. Primers spanning the mouse VEGF gene amplified three mRNA variants, VEGF120, VEGF164, VEGF188, as the expected 522-, 636-, and 708-bp products, respectively. The primer for Flt-1 were: forward primer, 5'-CCACCACTCAAGAT-TACTCC-3'; reverse primer, 5'-GTAGAGCCACTGATG -GAGAC-3'. All reagents for conducting RT-PCR were purchased from Promega Corp. (Madison, WI) . PCR reactions for the detection of β-actin were performed in parallel in order to normalize cDNA concentrations within each set of samples. PCR products were separated on 2% agarose gel and photographed.
Preparation of plasmids
A luciferase reporter construct containing the mouse VEGF promoter between -1216 and +399 [pVEGF(-1216/+339)-luc] was made as previously described (Jeon et al., 2007) . Genes encoding Smad3 (Zhang et al., 1996) , Smad4 (Hahn et al., 1996) , and Smad7 (Nakao et al., 1997) subcloned into Flag-pcDNA3 (Imamura et al., 1997) were provided by Dr. M. Kawabata (The Cancer Institute, Tokyo, Japan). Smurf1 (Ebisawa et al., 2001 ) subcloned into Flag-pcDNA3 was provided by Dr. K. Miyazono (The Cancer Institute, Tokyo, Japan). The dominant-negative Smad3 expression plasmid (Smad3D407E) (Goto et al., 1998) was provided by Dr. M. Kato (The Cancer Institute, Tokyo, Japan).
Transfection and luciferase assays
The reporter plasmids were co-transfected with the expression plasmids and pCMVβgal (Stratagene, La Jolla, CA) into DC2.4 cells by using a MicroPorator TM MP-100 (Digital Bio Technology, Seoul, Korea); cotransfection was performed according to the manufacturer's instructions. Briefly, 2 × 10 6 cells were mixed with the reporter plasmid and the expression plasmid and pulsed twice at 1000 V for 30 ms. Following a 24 h incubation, luciferase and β-galactosidase assays were performed as described previously (Park et al., 2001) .
Flow cytometry
To stain cells for FACS analysis, cultured cells were resuspended in DMEM, with 5% FBS and 0.1% NaN3, at a density of 2 × 10 6 cells/well. Rabbit anti-mouse Flt-1 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) was added to the cell suspension and the cells were incubated at 4 o C for 30 min. After washing three times with HBSS, FITC-conjugated goat anti-rabbit IgG (Sigma) was added the cell suspension, which was incubated at 4 o C for 30 min. The cells were then washed and resuspended in PBS/1% formalin. Flow cytometric analysis was performed with a FACS (Becton Dickinson, Mountain View, CA).
In vitro wound-healing assay
An in vitro wound-healing assay was used to assess cell migration in the mouse melanoma cell line, B16-F1. Cells were placed in 24-well plates (Becton Dickinson, San Jose, CA) at a concentration of 3 × 10 5 cells/well. After the cells had grown to confluence, wounds were made using sterile P200 pipette tips, the plates were washed twice with PBS to remove detached cells, and then the cells were incubated with DMEM containing 1% FBS or conditioned medium. The medium was replaced with fresh conditioned medium every 24 h. To neutralize VEGF and TGF-β1 proteins, conditioned medium was pre-incubated with 0.3 μg/ml of anti-VEGF Ab (R&D Systems) and 5 μg/ml of anti-TGF-β Ab (R&D Systems) for 1 h at 37 o C. After 48 h, the plates were washed and wound healing was assessed with a light microscope (×100).
Statistical analysis
Statistical differences between experimental groups were determined by analysis of variances. Values of P ＜ 0.01 or P ＜ 0.05 by unpaired two-tailed Student's t tests were considered significant.
